Abstract The aims of the present study were to investigate Pb and Cd levels in tissues of wild boar (Sus scrofa) from the Sierra Nevada Natural Space (SNNS) (southern Spain). Heavy metal concentrations in livers, kidneys and bones from 111 animals were determined by inductively coupled plasma optical emission spectrometry (ICP-OES). Bones and kidneys were the most Pb-and Cd-contaminated tissues, respectively; Cd concentrations were 5.6 times higher in kidneys than in livers. This is the first biomonitoring study of these pollutants in wild boar tissues in the SNNS, and findings indicate that this population is chronically exposed to these heavy metals. The detected Pb and Cd concentrations were lower than those found in many studies performed in Europe on the same species.
Introduction
Lead and cadmium accumulate in the environment from natural sources and as a result of many anthropogenic activities. It is well known that these pollutants have an adverse impact on the environment and that their presence has potentially serious implications for wildlife and human health due to their chronic sublethal effects, which may affect the reproductive system and/or lead to immunopathology, teratogenicity and carcinogenicity (Nawrot et al. 2010; Patrick 2006; Srebočan et al. 2011) . The principal natural sources of Cd are volcanic activity, the leaching of rocks and forest fires (Faroon et al. 2012) ; by contrast, anthropogenic activity is the most influential factor in the biogeochemistry of its cycle and spread into the atmosphere (Cullen and Maldonado 2013; Gil and Gisbert 2004; Goyer 1996) . Despite the apparent curb on the emissions of Cd into the environment, current concentrations in the environment have increased in recent years (Cortés-Gómez et al. 2014; Giambérini and Cajaraville 2005; Gust and Fleeger 2006; Pyatt et al. 2005) . The main sources of Pb pollution are anthropogenic (Abadin et al. 2007; Mao et al. 2009 ), and its use as an antiknock additive in car fuel has contributed to its accumulation in the environment (Kenntner et al. 2003) . It is an ubiquitous element at all levels of the environment and is abundant in mammal tissues (Goyer 1996) . Both these heavy metals are incorporated into the food chain via environmental contamination of the soil, atmosphere, water, food and plants. In mammals, Pb and Cd accumulate in tissues such as the liver and kidneys, as well as in bones in the case of Pb (Roffe and Work 2005) .
Cd and Pb can induce many pathologies and have numerous adverse effects (see review in Tokar et al. 2013) . Although acute Cd toxicity is rare, chronic exposure may alter the renal tubular function, the reproductive system and the lungs and may lead to hepato-and osteotoxicity (Rani et al. 2014) . Pb toxicity depends on the dose and duration of the exposure and will affect, for instance, the nervous (encephalopathy and peripheral nerve degeneration), renal (nephropathy) and cardiovascular (hypertension, cerebrovascular and cardiovascular disease) systems (Patrick 2006) , resulting in multi-factorial pathogenesis (Ercal et al. 2001) .
Therefore, many industrialized countries have taken significant steps to reduce heavy metal emissions. Nevertheless, pollutants are still transported atmospherically worldwide (Nriagu 1989) and are detectable at all ecosystem levels, even in places far from emission sources (Sánchez-Hernandez 2000) . Biomonitoring is considered to be an important tool in environmental health assessments, and its use with wildlife can serve as forewarning of a possible impact on humans of environment pollutants such as heavy metals (Gómez-Ramírez et al. 2014) . Wild game is a good indicator of environmental pollution and so is often used in biomonitoring studies of heavy metals (Wolkers et al. 1994 ). Species such as roe deer (Capreolus capreolus), red deer (Cervus elaphus), reindeer (Rangifer tarandus) and moose (Alces alces) have all been shown to be good bioindicator species for use in monitoring studies (Hermoso de Mendoza García et al. 2011; Riget et al. 2004; Skibniewski et al. 2015; Venäläinen et al. 2005) . However, because of their position at the top of the food pyramid and their omnivorous feeding habits, wild boars (Sus scrofa) are also now regarded as a relevant bioindicator species and several heavy metal studies in recent years have been performed on them in European countries such as Italy, Poland, Croatia and Spain.
In this study, we investigated Pb and Cd tissue concentrations in wild boars from 15 municipalities in the Sierra Nevada (Granada and Almería, Spain) and analysed their relation to age and gender. The information obtained was the first evaluation of Pb and Cd in wild boar tissue performed in the Sierra Nevada. It will be used to monitor changes in the bioavailability of these inorganic pollutants in the natural park and to determine whether these elements are present in tissues at concentrations that could have an impact on this species.
Materials and methods

Sample collection
Samples were collected in the Sierra Nevada Natural Space (SNNS) (Andalusia, S Spain) (Fig. 1 It lies at a considerable distance from pollution sources and only few studies have ever been published on the heavy metal levels that are found there (Panek and Zawodny 1993; Ráez-Bravo et al. 2015) . In Sierra Nevada, wild boars are caught and culled as part of population management tasks, which provides an excellent opportunity for examining the heavy metal pollution present in the area.
Culled wild boars were weighed and measured (total length, TL; chest perimeter, CP; withers height, WH; withers-tail height, WTH), and age was determined by an examination of their teeth. Liver, kidney (renal cortex) and bone (rib) samples were taken from 111 wild boars in 15 towns: Dúrcal, Huéneja, Jerez del Marquesado, Lanteira, Laroles, Lugros, Mairena, Mecina, Monachil, San Juan, Santillana and Soportújar in Granada, and Abrucena, Ohanes and Paterna in Almería. All samples were classified by sex and age: 56 males (30 under 24 months and 26 over 24 months) and 55 females (27 under 24 months and 28 over 24 months). All samples were transferred into 1.5-ml microtubes and kept at −20°until processed.
Metal analysis
Samples were analysed using inductively coupled plasma optical emission spectrometry (ICP-OES, ICAP 6500 Duo, Thermo Scientific, with One Fast System) to determine their Pb and Cd content. Bone, liver and kidney (0.1 g) samples were treated with trace mineral grade nitric acid (69 % Suprapure, Merck) and 33 % H 2 O 2 (Suprapure, Merck) in special Teflon reaction tubes, were then heated in a microwave digestion system (UltraClave-Microwave Milestone®) for 20 min at 220°C, and finally diluted to 25 ml with double deionised water (MilliQ). The detection limit for the analysed elements was 0.01 μg g . Two readings for each sample were performed and concentration values were taken as the mean of the two readings. To check for possible contamination, one blank sample for every 11 samples was also analysed. Multielement calibration standards (SCP Science, in 4 % nitric acid) were prepared with different concentrations of inorganic elements, taking as a reference UNE-EN ISO 11885 for the determination of elements by inductively coupled plasma atomic emission spectroscopy. In addition, intermediate patterns of all elements were prepared. The equipment calibration was established per batch with a minimum of three points for each lot. Each run began with the calibration standards, continued with samples and intermediate patterns and finished with the series with intermediate patterns (10 % variation coefficient). The wavelengths (nm) were 214.438 (Cd) and 220.353 (Pb). The uncertainty percentages of the elements were 4.56 (Cd) and 6.14 (Pb). Recovery for reference materials was 95.32 % (Cd) and 96.44 (Pb).
Data analysis
The statistics for the metal concentrations reported here are the median and range (i.e. minimum and maximum concentrations) in microgrammes per gramme on a wet-weight basis. Data for biometric values are given in centimetres as the minimum, maximum and 25, 50 and 75 percentiles. KolmogorovSmirnov test was used to check the distribution of our data, and non-parametric statistical methods were employed to compare groups. The Mann-Whitney U test was used to identify significant differences in males vs. females and young (≤2 years old) vs. adults (>2 years old) in concentrations of each element. Spearman's rank correlation coefficient test was applied to establish correlation coefficients between metal concentrations and biometric measures. The significance level for all tests was 0.05. All the statistical analyses were performed with SPSS v.19.0 for Windows.
Results
The detected concentrations of Pb and Cd in livers, kidneys and bones by gender and age groups are given in Table 1 . All of the liver and kidney samples analysed exhibited values above the detection limit for both metals; only Pb was detected in bones.
The highest concentrations were of Pb in bone. Cd concentrations were higher than those of Pb in kidneys but Pb concentrations were higher in livers. The highest concentrations of Cd (both livers and kidneys) and Pb in livers were found in females. Adults had higher concentrations than young boar of Cd in livers and kidneys, and of Pb in bones.
The frequency and percentage of animals for each concentration range (N = normal; H = high; T = toxic) (according to Suttle 2010) are shown in Table 2 . Toxic Pb concentrations in bones (more than 500 mg kg −1 ) were detected in three animals; one animal had high-to-toxic Cd concentrations in its kidneys (more than 5 mg kg
−1
). Descriptive data of biometric measures are given in Table 3 . The statistically significant relationships between biometric measures were positive for all parameters (Table 4) . Positive and significant correlations (p < 0.01) were found when comparing Cd concentrations in livers and kidneys with all biometric measures. For Pb, there was a positive correlation between livers and bones (p < 0.01), kidneys and livers (p < 0.01), and kidneys and bones (p < 0.01). Finally, there was a negative correlation (p < 0.05) between Pb concentrations in kidneys and weights, LT and PT.
Discussion
Human technological advances have led to an increase in the concentration of contaminants in all living organisms (Srebočan et al. 2011) , and so the monitoring of pollution in natural parks is an important part of the task of guaranteeing ecosystem health. The SNNS (Spain) is a mountain range with Fig. 1 Location of the study area (the Sierra Nevada Natural Space) several figures of protection and great biological diversity but is also the scene of numerous economic activities including agriculture, silviculture, mining, extensive animal husbandry and tourism (Bonet et al. 2010) . In this ecosystem, wild boars (S. scrofa) stand at the top of the food pyramid and are continuously exposed to the bioaccumulation of potentially toxic compounds, which indicates that they may be useful as bioindicators for detecting heavy metal pollution. Although this species has been used to monitor Pb and Cd levels in certain European countries and some Spanish ecosystems (Table 5) , to date, no information exists about these pollutants in this species in the SNNS.
In our study, bones (0.808 mg kg −1 ) and kidneys (0.517 mg kg −1
) were the tissues that were most contaminated by Pb and Cd, respectively. In livers, Pb concentrations were higher than renal levels (0.189 and 0.080 mg kg −1 , respectively), which agrees with previous reviews of lead in soft tissues (Patrick 2006; Tokar et al. 2013 ). Cd concentrations were 5.6 times higher in kidneys (0.517 mg kg −1 ) than in livers (0.093 mg kg
), and the hepatic/renal Cd ratio was much less than 1. Thus, as previously highlighted by several authors (Kakkar and Jaffery 2005; Scheuhammer 1987 ), wild boars should be considered to be chronically exposed to these heavy metals.
Lead
Liver Pb levels were lower than those reported in Europe by many authors (Table 5 ). In Spain, several works have discussed Pb concentrations in natural sites and in mining areas. Our results were lower than those reported for Sierra Morena (Córdoba) from both before and after the restrictions on leaded petrol (Santiago et al. 1998; Sevillano-Morales 2013) but were intermediate between the control and mining areas in the Sierra Madrona and the Alcudia Valley in the northern part of the eastern Sierra Morena (Ciudad Real) (Reglero et al. 2009; Rodríguez-Estival et al. 2011a, b; Rodríguez-Estival 2013a, b) . This agrees with the data reported in a recent study by Durkalec et al. (2015) from an unpolluted and a contaminated area in Poland. In our study, nine animals (8.11 %, mostly adult females; , and other in Soportújar, with 1.020 mg kg
−1
). On the other hand, we found no statistical differences in hepatic Pb concentrations according to sex, although values were generally higher in females. These results agree with those reported by other authors, who likewise found no differences in lead accumulation according to gender (Medvedev 1999; Reglero et al. 2009 ; Sevillano-Morales 2013) or found that females had only non-significantly higher concentrations than males (Rodríguez-Estival et al. 2013b ). Neither did we find any differences between age groups, although Pb concentrations were slightly higher in young animals (Table 1) , a finding that matches those of some authors (Kuiters 1996; Medvedev 1999; Reglero et al. 2009; Wolkers et al. 1994) but not of others (Rodríguez-Estival et al. 2013a; Srebočan et al. 2011 ). According to Srebočan et al. (2011) , young animals need minerals such as Ca to grow; this element's kinetics is closely related to those of Pb, a fact that could explain the decrease in Pb levels in older animals.
The median concentrations of Pb in kidneys in our results were similar to those reported by Durkalec et al. (2015) from a site that is regarded as unpolluted (Falandysz et al. 2005 ) but were lower than those of most European studies of wild boar (Table 5 . In our study, we found eight samples above 0.5 mg kg −1 (Table 2 ) but only one sample with more than 1.2 mg kg ) and Santillana (sample with 1.424 mg kg −1 ). Male and juvenile animals had the highest-but not significant-Pb concentrations in kidney tissue (Table 1) , which agrees with the results reported in previous studies on gender (Medvedev 1999 ; Sevillano-Morales 2013) and age (Kuiters 1996; Medvedev 1999; Srebočan et al. 2011; Wolkers et al. 1994) . Median concentrations of Pb in bones were lower than those reported by previous authors (Table 5 ). In the Sierra Morena (Spain), these concentrations were lower than those reported in control (Reglero et al. 2009; Rodríguez-Estival et al. 2011a, b) and in mining areas (Reglero et al. 2009; Rodríguez-Estival et al. 2011a, b ; Rodríguez-Estival et al. Oddly enough, 21 of these wild boars were non-adults, and 11 were less than 12-month old. Only two animals of the six with more than 100 mg Pb kg −1 were adults (>24 months). We found no significant differences for age and sex, although Pb concentrations were greater in adults and in males (Table 1) , which agrees with data reported for age in control and polluted areas (Kuiters 1996; Rodríguez-Estival et al. 2013a) , and for gender in control areas (Rodríguez-Estival et al. 2013b) . Pb concentrations in the three types of tissues were positively correlated (Table 4) . This agrees with studies conducted by several authors on this species (Medvedev 1999; Reglero et al. 2009; Rodríguez-Estival et al. 2013a ) and suggests that wild boars are chronically exposed to Pb. We found a negative correlation between renal Pb concentrations and the three biometric measures (weight, TL and CP), which could be explained by the bioaccumulative nature of this metal (Ma 2011; Rudy 2009 ). However, surprisingly, no associations were found between bone Pb concentrations and these biometric measures. The half-life of Pb in blood is about 30 days (Tokar et al. 2013) , after which this metal is distributed to soft tissues and finally to the skeleton. Thus, according to our results, some juvenile animals may also be exposed to high Pb concentrations on occasions.
Cadmium
Wild boars from the Sierra Nevada had lower Cd concentrations in livers than those reported by all other European studies except that of Amici et al. (2012) from Italy, in which liver concentrations were slightly lower (Table 5) . Our results are slightly higher than those from the Sierra Morena (Reglero et al. 2009; Rodríguez-Estival et al. 2011a ) from both control and mining areas, although the majority of metals mined in this area are Pb, Zn, Ag, Cu, Sb, Sn, W, As and Bi (PaleroFernández and Martín-Izard 2005) . In the Sierra Nevada, there are former Cd mines in three of the sampling areas (San Juan, Santillana and Soportújar). However, the liver is not the principal Cd accumulative tissue, and in 99.1 % of liver samples, Cd concentrations were below 0.5 mg kg −1 (Table 2 ). The only sample with greater Cd concentrations (0.670 mg kg −1 ) was from a wild boar hunted in Huéneja, where minerals such as Pb, Fe, Sr, Zn and Cu-but not Cd-are mined; this site is far from the main sources of this metal.
Female wild boars had greater but statistically nonsignificant (p = 0.061) Cd concentrations in livers than males, like those reported by other authors (Medvedev 1999; Reglero et al. 2009; Sevillano-Morales 2013) . However, Cd concentrations were significantly higher in animals over 24 months of age, which agrees with previous reports (Kuiters 1996; Reglero et al. 2009; Srebočan et al. 2011; Wolkers et al. 1994) . Cd concentrations for each age group were slightly higher than those reported from Spain by Reglero et al. (2009) .
Kidney Cd concentrations were higher than liver concentrations (Table 1 ). The hepatic/renal Cd ratio was 0.04 to 0.68 (median 0.18, i.e., well below 1), which was a similar proportion to that reported in most of the previously cited studies. Furthermore, we found lower or similar average (median) concentrations than those reported in all previous European studies (Table 5 ) except that of Kottferová and Koréneková (1998) . In the SNNS, only 11 wild boar (9.91 %) had high Cd concentrations in kidneys (>2.0 mg kg −1 ), and so it seems fair to say that the Cd exposure in this population is low. Interestingly, only one wild boar with high Cd concentrations (3.17 mg kg − 1 ) was hunted near former Cd mines (Soportújar); the other animals hunted at such sites had concentrations below 1.37 mg Cd kg −1 . Several studies have reported an important increase in renal Cd concentrations with age (Kuiters 1996; Srebočan et al. 2011; Wolkers et al. 1994) when Cd concentrations in tissues are high. In our study, there were statistically significant differences between age groups for low Cd concentrations. This contrasts with the results of Medvedev (1999) , who found no differences between age groups at similar Cd concentrations in kidneys. Furthermore, we found a high positive correlation between liver and kidney Cd concentrations, which were also positively correlated with all the biometric measures (Table 4) . According to Cook and Johnson (1996) , the high concentrations of Cd in kidneys are due to this tissue's high affinity for this element, where it is deposited from the liver and the blood stream. Nevertheless, it is not clear how much Cd can reach the kidney via these routes (Cooke 2011) . Thus, our results indicate that age also contributes to kidney Cd storage at low exposure rates.
Finally, females had more Cd than males (p < 0.05) in kidneys. No differences in Cd concentrations according to gender were found in the kidneys of wild boars from either Karelia (Medvedev 1999) and Spain (SevillanoMorales 2013) , although in both studies, the reported Cd concentrations were lower than those obtained in our study. However, and according to Burger et al. (2007) , females and males vary in terms of their toxicant kinetics, and some heavy metals may reach higher concentrations in female tissues.
In conclusion, the results of this study, the first on these pollutants in the tissues of wild boar from the Sierra Nevada, indicate that the animals inhabiting this protected area are chronically exposed to low Pb and Cd levels. Tissue concentrations are lower than those reported in many places in Spain and the rest of Europe. Nevertheless, the high frequency of animals with normal-to-high Pb concentration in bones captured close to former Pb mines, as well as the large number of juvenile animals in this group, makes further research necessary if we are to clarify whether this is a possible source of this heavy metal in the SNNS. Given that the meat of wild boar is used as a valuable food for human consumption, further research is recommended in order to know the presence of Pb and Cd in the muscle tissue of these animals. Future studies should identify old mines in the SNNS and the heavy metal levels associated with them in ecosystems.
